cDNA clones for ascorbate oxidase were isolated from a cDNA library made from cucumber (Cucumis sativus) fruit mRNA. The library was screened with synthetic oligonucleotides that encode the NH2-terminal sequence of this enzyme. Nucleotide sequence analysis of the cloned cDNA inserts revealed a 1761-base-pair open reading frame that encoded an NH2-terminal signal peptide of 33 amino acids and a mature enzyme of 554 amino acids (Mr, 62,258). The amino acid sequence deduced from nucleotide sequence analysis agrees with the
acid sequence deduced from nucleotide sequence analysis agrees with the NH2-terminal amino acid sequence of the purified ascorbate oxidase, as determined by microsequencing methods. Cucumber ascorbate oxidase contained four histidine-rich regions with striking sequence homology to the corresponding parts of the other multicopper oxidases such as Neurospora crassa laccase and human ceruloplasmin and, to some extent, to a low molecular weight copper protein such as plastocyanin. Moreover, these data further support the hypothesis that the small blue copper proteins and the multicopper oxidases have evolved from the same ancestral gene. By RNA blot hybridization analysis, the mRNA for the ascorbate oxidase was found to be abundant in cucumber fruit tissue while expressed at very low levels in leaf and root tissues.
Ascorbate oxidase (L-ascorbate:oxygen oxidoreductase, EC 1.10.3.3) belongs to a group of multicopper oxidases. The two other members of this group are Neurospora crassa laccase and human ceruloplasmin (1) . All of these enzymes possess three spectroscopically different copper centers (2) . These centers have previously been classified as type 1 or blue, type 2 or normal, and type 3 or coupled binuclear. Ascorbate oxidase catalyzes the oxidation of ascorbate to 2-dehydroascorbate with the concomitant reduction of molecular oxygen to water. This enzyme has been isolated from plants belonging to the family Cucurbitaceae, such as cucumber (Cucumis sativus) and squash (Cucurbita pepo medullosa) (3, 4) . Physical characterization of these enzymes indicated that all native enzymes contained eight copper ions per dimeric enzyme molecule, representing three type 1, one type 2, and four type 3 copper centers (3, 5) . However, it remains to be elucidated how these three types of copper function in the oxidation of ascorbate.
The primary structures of the two other multicopper oxidases have been determined by amino acid sequence analysis (6) or by cDNA cloning (7, 8) . All the elucidated multicopper oxidase sequences contain clusters of histidine residues, which might be involved in copper binding (9) . No detailed information is available on the other multicopper oxidase, ascorbate oxidase. It would be interesting to compare the amino acid sequence of cucumber ascorbate oxidase to those of the other multicopper oxidases to find out whether any homology exists. Such a comparison may also provide the information needed to help clarify the reaction mechanism of ascorbate oxidase. For this reason, we have cloned and characterized cDNAs encoding cucumber ascorbate oxidase.* Using the cloned cDNAs as probes, the levels of expression of the cucumber ascorbate oxidase genes in several plant tissues were also examined.
EXPERIMENTAL PROCEDURES Materials. The cucumber (C. sativus) plants were grown at a commercial farm near Osaka University and were harvested 7 days after flowering. The fruits, stems, leaves, and roots were separated, frozen in liquid nitrogen, and stored at -80'C until used.
Amino Acid Composition and Sequence Analyses. Ascorbate oxidase purified to homogeneity from cucumber fruits as described (5) was a gift from N. Kasai (Osaka University). The enzyme protein was hydrolyzed with 4 M methanesulfonic acid at 1100C for 24, 48, and 72 hr under vacuum. Amino acid compositions were determined with an amino acid analyzer (model 835, Hitachi, Tokyo). To identify the NH2-terminal amino acid sequence of this enzyme, the purified ascorbate oxidase (1 nmol) was desalted by HPLC on a TSK G3000SWXL column (0.8 x 30 cm; Toyo Soda, Tokyo) with 50 mM ammonium bicarbonate (pH 7.8) . Amino acid sequence analysis by Edman degradation was performed with a model 470A gas-phase protein sequencer (Applied Biosystems). Phenylthiohydantoin-derivatized amino acids were analyzed by on-line HPLC.
Construction and Screening of the cDNA Library. RNA was prepared from cucumber fruits by homogenization in 6 M guanidine thiocyanate followed by centrifugation over a 5.7 M cesium chloride cushion (10) . Poly(A)+ RNA was isolated by oligo(dT)-cellulose column chromatography and then used as the template for synthesis of cDNA transcripts with an oligo(dT) primer and reverse transcriptase (11) . Doublestranded cDNA was cloned in the plasmid pUC19 and used to transform Escherichia coli HB101 (12, 13) . The oligonucleotide mixtures for cDNA screening were designed from the NH2-terminal amino acid sequence (25 amino acid residues) of the oxidase determined by protein sequencing. A mixture of the eight possible oligonucleotides (probe 1) consisting of 5'-TCCCAYTTRTARTG-3' and a mixture of the 32 possible oligonucleotides (probe 2) consisting of 5'-AACATRTAYTCNACRTCCCA-3' (N = A, T, G, or C; R = G or A; and Y = C or T) were synthesized (14) . Probes 1 and 2 represent DNA sequences complementary to all possible coding sequences for two regions of ascorbate oxidase;
His7-Tyr-Lys-Trp-Asp and Trpl0-Asp-Val-Glu-Tyr-Met-Phe.
*The sequence reported in this paper is being deposited in the EMBL/GenBank data base (accession no. J04494).
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961 CTACCCAAAACCCCTCCAGGACTAACCCTCCTCAATTACCTCCCCAACTCCGCCTCCAAATTACCCATTTCTCCACCTCCGGAAACCCCCCACTGGGAGGATTGATCGGAGCAAAAAC 1080
1561 AT CCCATATGGGTGGACGGCGATTCGATTTGTGGCGGATAACCCAGGTGTTTGGGCGTTCCATTGCCATATTGAACCTCATTTGCATATGGGAATGGGAGTTGTGTTTGCCGAAGGA 1680 Gly-Phe-Pro-Lys-Ile-Lys-His-Tyr-Lys-Trp-Asp-Val-GluTyr-Met-Phe-Trp-Ser-Pro-Asp-Xaa-Val-Glu-Asn-Ile. From this sequence, we designed two mixtures of synthetic oligonucleotides (probes 1 and 2) to represent all possible coding sequences for two portions of ascorbate oxidase amino acid sequences as described in Experimental Procedures.
About 85,000 independent transformants from a cucumber cDNA library were first screened with the 32P-labeled probe 2. Six clones that were identified that hybridized with probe 2 were also found to hybridize to probe 1. Individual clones were designated pASO11, -14, -18, -20, -191, and -192 , and were subjected to further analysis. Preliminary sequence analysis showed pASO11 contained the longest cDNA insert but lacked the 5'-terminal region of the coding sequence. Restriction endonuclease mapping of the other clones demonstrated that five clones contained a similar size cDNA insert and belonged to a single group (data not shown), probably derived from the same mRNA (Fig. 1) . pASO18 was shown to contain a partial ascorbate oxidase mRNA sequence encoding the 5'-noncoding region and the NH2-terminal portion of the enzyme. This result is explained by assuming that the oligo(dT) nucleotide may have hybridized to adenine-rich sequences in the mRNA (might be 5'-AAA-AGAAAAA-3' at 696 nucleotides downstream from the initiation ATG) and served to prime cDNA synthesis by reverse transcriptase. Two clones, pASO11 and pASO18, were then sequenced (Fig. 2) . No sequence difference was observed in the overlapping region on these two clones.
Analysis of the complete nucleotide sequences of the cloned cDNAs revealed one open reading frame of 587 amino acid residues encoding ascorbate oxidase. This sequence also included an NH2-terminal extension of 33 amino acid residues that is removed prior to the appearance of mature ascorbate oxidase. This result was from the following observations: (i) the NH2-terminal amino acid sequence of ascorbate oxidase, as determined by sequential Edman degradation analysis, is identical to that deduced from cDNA sequence analysis, and (ii) the nucleotide sequence around the first ATG triplet agrees well with the favored sequence that flanks functional codons ofGNNATGG (where N = any nucleotide) (20) . The open reading frame is followed by a 3' untranslated region of 406 base pairs and a poly(A) track. Other reading frames were interrupted by multitermination codons. The 3' untranslated region contained the common polyadenylylation/processing signal, 5'-AATAAA-3' located 315 nucleotides upstream from the poly(A) track.
Primary Structure of Ascorbate Oxidase. The primary structure of cucumber ascorbate oxidase deduced from the cDNA nucleotide sequence is shown in Fig. 2 . The NH2-terminal amino acid sequence determined by protein sequencing (Gly-1 to Ile-25) is identical with that deduced from cDNA sequencing, suggesting the presence of a signal peptide at the NH2 terminus. Mature ascorbate oxidase was deduced to contain 554 amino acid residues, which corresponds to a calculated Mr of 62,258. Since the subunit Mr of this enzyme has been shown by NaDodSO4/polyacrylamide gel electrophoresis to be -68,000, we suspect that cucumber ascorbate oxidase is also glycosylated as in squash. Esaka et al. (21) have shown that cultured squash (Cucurbita sp. Ebisu Nankin) cells excrete mature ascorbate oxidase as a glycoprotein into the medium. The carbohydrate content of this enzyme was determined to be 10% (4) . Cucumber ascorbate oxidase has three potential N-glycosylation sites (AsnXaa-Ser/Thr) at residues 327, 368, and 442. If cucumber ascorbate oxidase is glycosylated at these sites to the same extent as squash ascorbate oxidase, the calculated size of this enzyme would be in close agreement with its size based on electrophoretic mobility. Furthermore, the amino acid composition of the enzyme as deduced from the cDNA sequence agrees reasonably well with that experimentally determined for the purified enzyme from cucumber fruits ( Table 1) .
It has been suggested that cucumber ascorbate oxidase is synthesized as a prepeptide containing an NH2-terminal signal peptide of 33 amino acid residues, which is removed by posttranslational processing upon export. The signal peptide with a putative initiator methionine is rich in hydrophobic amino acid residues and might function in the initiation of export of nascent polypeptide chains across the rough endoplasmic reticulum (22, 23) . The cDNA sequence predicts that A Lac 31 NTGKTRRYKLTLTETDNWLGPDGVIKDKVMMVNDNIIGPTIQADWGDYIEITVINKL ** **** * * * *** * * ** *** **** ** *** *****
Aso 1 GFPKIKHYKWDV-EYMFW-SPDCV-ENIVMGINGEFPGPTIRANAGDIVVVELTNKL
Lac 87 KSNGTSIHWHGMHQRNSNIQDGVNGVTECPIPPRGGSKVYRWPATQYGTSWYHSHFS **** ****** ** * ** ******* * * * *** ** ***** an Ala-Gly bond is cleaved during the removal of the signal peptide. This is consistent with demonstrated signal peptidase cleavage specificity (24) (25) (26) (27) . X-ray crystallography of the poplar plastocyanin revealed a three-dimensional structure as well as amino acid residues that are involved in copper binding (28) . The primary structure of the multicopper oxidase, such as human ceruloplasmin (6) and N. crassa laccase (8) , was recently determined by amino acid sequencing and cDNA analysis. The amino acid sequence of the COOH-terminal portion of these multicopper oxidases had homology with that of the plastocyanin (9) . Previous studies suggest that the multicopper oxidase and small blue copper proteins such as plastocyanins were derived from the same ancestral gene. This hypothesis also seems to apply to the cucumber ascorbate oxidase. Fig. 3 shows comparison of the amino acid sequence of the NH2-and COOH-terminal portions of cucumber ascorbate oxidase (Gly-1 to Gly-110 and His-447 to Glu-526) with those of N. crassa laccase (Glu-31 to Ser-143 and His428 to (Fig. 4) . The amino acid sequences of the NH2-terminal portion, including sequences in Fig. 4 A and B , and the COOH-terminal portion, including sequences in Fig. 4 oxidase exhibited sequence similarity to those of the corresponding portions of N. crassa laccase without insertion of more than six amino acid residues. This sequence similarity also strongly supported the notion that these four regions may play an important role in the formation of the active site of multicopper oxidase. Furthermore, the copper binding amino acid residues of the plastocyanin elucidated from x-ray studies are completely conserved at the corresponding portions of ascorbate oxidase (His-447, Cys-510, His-S15, and Met-520), but the corresponding portion of ascorbate oxidase (Leu-401 to Val-528) had the lower degree of sequence identity (11%) with the amino acid sequence of the poplar plastocyanin.
Tissue-Specific Expression of Cucumber Ascorbate Oxidase. Total RNA prepared from healthy cucumber leaf, stem, fruit, and root tissues were hybridized to the ascorbate oxidase cDNA clone under stringent conditions. The results shown in Fig. 5 reveal an abundant transcript of -2200 nucleotides in fruit and stem tissues and a low abundance in leaf and root tissues. These results agree with the specific enzyme activity of cucumber ascorbate oxidase in each tissue (data not shown). Although one of the possible functions of ascorbate oxidase may be involvement in lignin biosynthesis, a greater abundance of ascorbate oxidase mRNA in cucumber fruit tissue than in stem and leaf tissue could suggest another function of ascorbate oxidase in this tissue.
